Some limnic copepod species are predators of mosquito larvae. Seven species belonging to the order Cyclopoida, family Cyclopidae, were collected in the field in Germany and tested for the first time in laboratory bioassays for their potential to serve as biological control agents of the invasive Asian bush mosquito Aedes japonicus (Theobald), a vector of various pathogens causing disease. Females of Diacyclops bicuspidatus (Claus) did not attack 1 st instar larvae of Ae. japonicus, but Macrocyclops distinctus (Richard), Cyclops divergens Lindberg, and C. heberti Einsle predated a mean of 14, 18, or 19 1 st instar larvae, respectively. Acanthocyclops einslei Mirabdullayev and Defaye killed 30 larvae, and high predation rates with a mean of 39 or 46 larvae, respectively, were obtained by Megacyclops viridis (Jurine) and M. gigas (Claus). In regression analyses, predation rates by M. viridis correlated with body size, with specimens of 1.8 mm length being more effective than smaller or bigger ones. Based on the presented data, the two Megacyclops species seem to be promising candidates for use in field studies on the biological control of Ae. japonicus. Journal of Vector Ecology 44 (2): 241-247. 2019.
INTRODUCTION
Copepods represent the major portion of the marine zooplankton, but also occur in limnic ecosystems. Of the nine extant orders of Copepoda, three develop in freshwaters: Harpactoida, Calanoida, and Cyclopoida (Dussart and Defaye 2006) . They live in lakes, ponds, and even temporary waters, such as tree holes and puddles, and are characterized by omnivorous, herbivorous, or carnivorous feeding behaviors. With the need for mosquito control increasing, copepods have been suggested as antagonists of early instar mosquito larvae (Hurlbut 1938) . However, other antagonists, especially the mosquitofish Gambusia affinis (Baird and Girard) and G. holbrooki Girard, have continued to be preferred (Howard 1901 , Hildebrand 1919 , despite their negative impact on the environment (Pyke 2008) . The identification and use of efficient insecticides lessened the application of mosquito predators. It was only in the 1980s that awareness of toxic effects of insecticides and development of resistance against them led to a renaissance in the studies of copepods as potential mosquito control agents.
To date, numerous copepod species have been tested for their predation efficiency on different mosquito species (Marten and Reid 2007 , Baldacchino et al. 2017 , Cuthbert et al. 2018a , resulting in successful field applications of Macrocyclops albidus (Jurine) to control larvae of Aedes albopictus (Skuse) in tire piles in the U.S.A. (Marten 1990c) or of species of the genus Mesocyclops to control Aedes aegypti (Linnaeus) in Vietnam (Kay and Nam 2005) .
The robustness of the copepods facilitates storage and application. As adults, they can be kept for several months at 5° C in water or on moist foam rubber, they tolerate a broad temperature range from 0-40° C, and they can be applied with sprayers, even together with Bacillus thuringiensis var. israelensis (Rivière et al. 1987 , Marten 1990a , Marten et al. 1994a , Kroeger et al. 2013 . Sometimes, the combination of several copepod species improved mosquito control output in the field (Nam et al. 1998) . In other studies, no significant additional effect was found when using several copepod species, but rather a decrease in copepod population densities or even the replacement of one species by another within a month (Marten 1990b , Marten et al. 1994b , Dieng et al. 2002 . However, despite the high diversity of copepod species, some promising cyclopoid candidates have not been considered yet in a mosquito control context (Marten and Reid 2007) . In addition, the predation efficiency of Copepoda has only been studied on a few important mosquito vector species so far (Marten and Reid 2007) .
Aedes japonicus (Theobald), the Asian bush mosquito, is a mosquito species native to East Asia, which has recently spread widely across North America and Europe (Kampen and Werner 2014 , Kaufman and Fonseca 2014 , Koban et al. 2019 . As a potential vector of various pathogens (e.g., West Nile virus, chikungunya virus, dengue virus, Japanese encephalitis virus), the species represents an emerging threat to human and animal welfare in areas where it has established (Takashima and Rosen 1989 , Sardelis and Turell 2001 , Schaffner et al. 2011 .
The Asian bush mosquito is polycyclic, mainly breeding from May to October, and its larvae develop in small containers, including natural habitats like rock pools and tree holes and many forms of artificial habitats in human settlements (LaCasse and Yamaguti 1948, Tanaka et al. 1979 , Sota et al. 1994 , Bartlett-Healy et al. 2012 , Murrell et al. 2015 .
In Germany, especially in the western and southwestern parts of the country, Ae. japonicus is widely distributed and established at least since 2009 and 2012, respectively (Becker et al. 2011 , Kampen et al. 2012 , Koban et al. 2019 . While monitoring the occurrence of Ae. japonicus (Kampen et al. 2017) , we often came across natural antagonists of mosquito larvae (e.g., Notonectidae, Dytiscidae, Hydrophilidae, Odonata, Chaoboridae, Daphniidae, Ostracoda, Copepoda) that can act as predators or competitors for food (Borkent 1980 , Quiroz-Martínez and Rodríguez-Castro 2007 , Kroeger et al. 2014 . Frequently, inspected water basins contained huge numbers of crustaceans but only a few or no mosquito larvae, while close-by water containers contained numerous mosquito larvae but no crustaceans.
As no study has yet considered the effects of crustaceans on larvae of Ae. japonicus, we tested the impact of different field-derived Copepoda from Germany on 1 st instar larvae of Ae. japonicus in laboratory bioassays, which is the first step for the assessment of copepods as potential control agents of this mosquito species in the field.
MATERIALS AND METHODS
Seven copepod species (Cyclopoida: Cyclopidae) collected in the field were tested for their potential to control Ae. japonicus under laboratory conditions. Three of the species, Megacyclops viridis (Jurine), Macrocyclops distinctus (Richard), and Diacyclops bicuspidatus (Claus), were collected from May to July, 2018 from a black alder swamp in Eberswalde (federal state of Brandenburg, Germany; N52.8236, E13.7872). The other species were obtained from ponds in different regions of Germany: Acanthocyclops einslei Mirabdullayev and Defaye and C. divergens Lindberg from Siegburg (North Rhine-Westphalia; N50.8094, E7.2042), Cyclops heberti Einsle (recently synonymized by Hołyńska and Wyngaard (2019) with Cyclops borealis Lindberg) from Zirchow (Mecklenburg-West Pomerania; N53.9070 E14.1234) and Megacyclops gigas (Claus) from Stotternheim (Thuringia; N51.0493, E11.0604). Prior to the experiments, the different field samples were kept separately in the laboratory for up to one week at room temperature, which varied between 23 and 28° C. During this time, the copepods fed on detritus and/ or small crustaceans like Daphniidae or Ostracoda, which had been collected from the same sites and included in the water. Twenty-four h before the start of the experiment, the copepods were transferred to 20 ml vials with spring water.
Aedes japonicus eggs were collected in May, 2018 from wooden sticks of ovitraps exposed in Siegburg (North Rhine-Westphalia; N50.7987, E7.2712), where this species is widely distributed and reaches high abundances. The eggs were flooded in spring water 24 h before the experiments to allow the emergence of 1 st instar larvae (body size 1.2-1.4 mm).
The bioassays followed Marten and Reid (2007) , adding one female copepod (to be distinguished from males by their first two abdominal segments being fused and by the shape of the first antennae) to 50 1 st instar larvae of Ae. japonicus in a 20 ml vial with 10 ml spring water for 24 h. The 13 control assays were run without copepods. All assays were carried out in the laboratory at 26±2° C (monitored by a data logger with ±0.5° C accuracy). We chose this temperature because predation at 26° C was higher than at 16° C (Calliari et al. 2003) and at the same time is the optimal temperature for Ae. japonicus rearing in the laboratory (Reuss et al. 2018) . Depending on the number of individuals available, up to 27 bioassays with the same copepod species were run, although precise species identification could only be performed after the experiments as this required the killing of the copepods.
Three copepod species, investigated previously with other mosquito species (Andreadis and Gere 1992 , Dieng et al. 2003 , Cuthbert et al. 2018a , were tested: Diacyclops bicuspidatus (body size 1.4-1.6 mm) in five, M. distinctus (1.8 mm) in three and M. viridis (1.7-2.1 mm) in 27 bioassays, respectively. From the 27 specimens of M. viridis, eight bore egg sacs, with nauplii hatching during the bioassays. We included bioassays with these ovigerous females of this species to test for variation in predation activities between gravid and non-gravid specimens. All other copepods used were non-ovigerous females. In addition, C. heberti (2.4 mm), C. divergens (2.2 mm), A. einslei (1.3 mm), and M. gigas (2.3 mm), whose impact on mosquito larvae has not been studied before, were used in one, one, one, and two bioassays, respectively.
After 24 h, both mosquito larvae surviving the bioassays and remnants of mosquito larvae (head capsules or mangled bodies), indicating predatory behavior of the copepods, were counted (Dieng et al. 2003 , Rey et al. 2004 ). Copepods were removed from the vials, photographed for length measurements (cephalothorax, abdomen plus furca without setae) (Einsle 1993) , dissected in glycerol on microscopic slides, and identified to species morphologically using the keys of Einsle (1993 Einsle ( , 1996a , Mirabdullayev and Defaye (2004) and Hołyńska and Dimante-Deimantovica (2016) . Slides were sealed with transparent nail polish and deposited at the Leibniz Centre for Agricultural Landscape Research, Müncheberg, Germany.
Experimental data were analyzed statistically using R, version 3.4.2, via RStudio, version 1.1.383. Numbers of dead larvae were compared between controls and copepod species with more than four bioassays (i.e., D. bicuspidatus and M. viridis) and between ovigerous and non-ovigerous females of M. viridis with a Kruskal-Wallis test, followed by a posthoc test (Dunn's test) with Bonferroni adjustment (R package version 1.3.5). Species with fewer than five bioassays were not subjected to statistical analysis. Regression analyses were conducted using the independent variable 'body size of M. viridis' as a predictor for the dependent variable 'predation rate' . Data were plotted via the R package 'ggplot2' and 'cowplot' .
RESULTS
The predation rates in the different bioassays varied considerably, depending on the copepod species (Figure 1) . In the control bioassays, up to five larvae per assay were found dead. The results with D. bicuspidatus (five bioassays with one to three dead larvae) were not significantly different from those of the control bioassays (χ 2 = 0.49, df = 2, p = 0.938).
Macrocyclops distinctus killed ten, 11, and 20 larvae in three bioassays, as indicated by remaining mangled bodies and head capsules. Similarly, the two Cyclops species, C. divergens and C. heberti, showed a moderate predation rate (18 or 19 killed 1 st instar larvae, respectively, in one bioassay each). Acanthocyclops einslei killed 30 larvae in one bioassay.
Megacyclops viridis induced high predation rates in 27 bioassays with a range of 20 to 50 killed 1 st instar larvae and a median of 41, which were significantly more than in the controls (χ 2 = 4.53, df = 2, p < 0.001) or with D. bicuspidatus (χ 2 = 3.17, df = 2, p < 0.01). Testing the results of ovigerous (39±11) against non-ovigerous (43±9) females of M. viridis revealed no statistically significant difference (χ 2 = 0.23, df = 1, p = 0.635). The predation rate and the size of the females of this species showed a polynomial correlation (Figure 2) , following the formula y = -210.01x 2 + 754.58x -634.11 with R² = 0.436, p < 0.01 for the linear estimator and p = 0.056 for the quadratic estimator. This indicates a significant effect of the body size on the predation rate, with the highest values at a body size of 1.8 mm and decreasing predation rates of smaller and bigger specimens. In two bioassays, M. gigas consumed 42 and 49 1 st instar larvae of Ae. japonicus.
DISCUSSION
This study represents the first approach to test the behavior of copepods toward 1 st instar larvae of Ae. japonicus. All species, collected from ponds from different locations in Germany, are widely distributed over Europe (Hołyńska and Dahms 2004 , Błędzki and Rybak 2016 , Hołyńska and Wyngaard 2019 . The predation efficiency ranged from insufficient (<30 killed larvae), over sufficient (30-40 killed larvae) to high (>40 killed larvae) (categories according to Marten and Reid 2007) , depending on the copepod species.
Compared to the control groups, the bioassays with the copepod D. bicuspidatus showed no significant difference in the number of consumed Ae. japonicus larvae. These results are similar to those obtained with Aedes canadensis and Ae. stimulans where D. bicuspidatus thomasi (a North American taxon currently considered as the distinct species D. thomasi (Forbes S.A.); Dussart and Defaye 2006) showed no predatory behavior at all at 11±2° C (Andreadis and Gere 1992). This copepod species is carnivorous, but presumably feeds only on smaller organisms, e.g. rotifers, nauplii, and copepodids of its own and those of diaptomids and cladocerans (Kerfoot 1977 , Stemberger 1985 . Nevertheless, controphic competition by microcrustacea (e.g., cladocerans) can provide an antagonistic effect on mosquito larvae (Duquesne et al. 2011 ).
In the present study, M. distinctus killed 14±5 larvae of Ae. japonicus, slightly fewer than in a previous study in Japan where it killed 21±1 larvae of Ae. albopictus, 18±2 of Culex tritaeniorhynchus, and 23±2 of Anopheles minimus at 23-25° C (Dieng et al. 2003) . Should future studies confirm this finding, predation efficiency is probably insufficient and the copepod species not suitable for biocontrol of mosquito larvae.
The species of the genus Cyclops show spatiotemporal morphological variations, resulting in difficulties in morphological identification and several taxonomic revisions (Einsle 1996b , Hołyńska 2008 , Hołyńska and Dimante-Deimantovica 2016 , Hołyńska and Wyngaard 2019 . This could be a reason for the rare use of this genus in bioassays as antagonists of mosquito larvae. However, according to some early studies without an exact species determination, some Cyclops spp. are demonstrated predators of mosquito larvae (Lewis 1932 ). In the present study, the behavior of identified Cyclops species, C. divergens and C. heberti, was tested for the first time in the presence of mosquito larvae, with moderate numbers of Ae. japonicus larvae killed in the bioassays (18 or 19, respectively). By all means, the obtained predation efficiency is not sufficient for using these two Cyclops species as antagonists in the biocontrol of mosquito larvae according to the recommendations of Marten and Reid (2007) .
The abundance of Cyclops species at lower temperatures (9-11° C; Bertilsson et al. 1995) and their diapause in the summer (Błędzki and Rybak 2016) are further arguments against the exclusive application of species of this genus in the biocontrol of mosquito larvae. Instead, it might be more approporiate to study the predation efficiency of Cyclops species in combination with other copepod species reproducing during the summer.
Species in the genus Acanthocyclops produce similar taxonomic problems as those in the genus Cyclops, especially within the Acanthocyclops vernalis-robustus complex (Kiefer 1976 , Einsle 1996a . In a revision of this complex, a new species has been described, A. einslei (Mirabdullayev and Defaye 2004) . In the present study, one bioassay was performed with this species, resulting in 30 killed larvae out of 50 within 24 h. In bioassays conducted before the taxonomic revision, A. robustus predated a mean of four out of ten larvae of Culex pipiens s.l. per day, both at 16° C and at 26° C (Calliari et al. 2003) . Acanthocyclops vernalis killed a mean of 33±3 out of 50 larvae of Ae. albopictus at 23° C within the same period of exposition (Marten 1990b ). If alternative food was abundant (protozoans and rotifers), the numbers of Ae. albopictus larvae killed by A. vernalis were considerably reduced (Marten 1990b) . It can be assumed that A. einslei is also omnivorous, which limits its potential use in mosquito control.
Many available individuals of M. viridis allowed the largest number of bioassays in the present study. This species killed a median of 41 Ae. japonicus larvae per day in 27 bioassays, while all 50 larvae were killed in four bioassays. In agreement with Marten and Reid (2007) , it is therefore a strong candidate for testing its biological control potential against this mosquito species in the field. Megacyclops viridis is eurythermic, occurring at a broad temperature range (0-27° C) with a maximum abundance at 19° C (Bertilsson et al. 1995) . The efficiency of M. viridis as an antagonist of mosquito larvae has been studied before under similar temperature conditions but with generally lower predation rates and with larvae of other mosquito species: 27±2 Ae. albopictus, 21±2 Cx. tritaeniorhynchus, 23±2 Anopheles minimus at 23-25° C (Dieng et al. 2003) , 26±5 Cx. quinquefasciatus at 25±2° C (Cuthbert et al. 2018a), and 14±3, 26±10, and 33±7 Cx. pipiens s.l. at 12, 16, and 20° C, respectively (Cuthbert et al. 2018b ).
The regression analysis showed a polynomial correlation between the body size of M. viridis and its predation efficiency, with the highest predation rate at a body size of 1.8 mm and decreasing efficiencies of smaller and bigger specimens. This explains the different predation rates found in the literature, with Dieng et al. (2003) using smaller (1.5 mm) and Cuthbert et al. (2018a, b) larger specimens (2.0-2.3 mm). The developmental time and adult body size depend on the amount of food, but more so on temperature, resulting in the size of specimens decreasing with increasing temperature (Smyly 1970 , Abdullahi 1992 . Feeding rates of M. viridis on Paramecium caudatum increased with elevated temperature, even when the adult body size decreased (Laybourn-Parry et al. 1988 ).
In the presence of P. caudatum, the effect of M. viridis on 1 st instar larvae of Cx. pipiens s.l. was lower than in the absence of the ciliate, especially at low densities of the mosquito larvae (Cuthbert et al. 2018c ). This is supported by the present investigation, in which the predation efficiencies of M. viridis were similar in bioassays with or without nauplii, assuming that this species prefers larger prey and only feeds on alternative prey when the abundance of food is low. Intraspecific predation by copepods can be a problem in breeding, reducing the population size (Marten 1990a) , whereas it may have a positive effect in the field by acting as a "life boat mechanism" when no prey is available (Van den Bosch et al. 1988 ).
The species with the mean highest predation rate in our tests, M. gigas, killed 42 and 49 Ae. japonicus larvae per 24 h. To our knowledge, this is the first time this species was tested as a candidate for the biocontrol of mosquito larvae. However, due to limited numbers of specimens available, only two bioassays with this species were possible. In addition to its bigger size, as compared to M. viridis, the main difference is its reproduction cycle. Megacyclops gigas is monocyclic, undergoing a diapause as a copepodid in summer. By contrast, M. viridis is polycyclic and able to reproduce during all seasons (Einsle 1993) . For use in mosquito biocontrol, the suggested copepod species should not be undergoing a diapause during the main activity time of mosquitoes, which is approximately May to October in the case of Ae. japonicus (Kampen and Werner 2014) . Although M. gigas is able to kill a high number of larvae at the beginning of the season, it would probably not provide a stable predatory population during the summer. Therefore, it is advised to test a combination of this species with other copepod species reproducing during the summer, such as M. viridis, M. albidus, or Mesocyclops leuckarti (Claus) (Einsle 1993) .
The results of the present study provide a first overview on the predatory behavior of copepods towards 1 st instar larvae of Ae. japonicus. It can be concluded that M. viridis is the most promising candidate as a biocontrol agent against this mosquito species. However, other common species in Germany, including M. albidus, M. fuscus, and M. leuckarti, that were not found in the field during the present study, should also be considered. In Italy, M. leuckarti and M. albidus successfully attacked Ae. koreicus, a mosquito species closely related to Ae. japonicus, with a predation rate of 26±3 larvae by M. leuckarti and 19±1 by M. albidus at 23±1° C (Baldacchino et al. 2017) . The recent discovery of calanoid copepods as candidates for biocontrol of mosquito larvae (Cuthbert et al. 2018d ) adds potential for further studies with specimens from this neglected order.
Before deciding on a copepod species to study for its efficiency against larvae of Ae. japonicus in the field, it is proposed to thoroughly consider the following aspects:
1. Diet and temperature during the development of nauplii and copepodids, as both factors determine the size of the adult (Abdullahi 1992) , which may have an effect on predation rates.
2. Effects of different and fluctuating temperatures, density, and prey stage-dependent predation rate. It is suggested that the functional response can be used as a tool to quantify interaction strengths under different contexts also in the presence of alternative prey (Holling 1959 , Cuthbert et al. 2018c ).
3. Fecundity or abundance of the copepods in relation to season (temperature) and abundance of food representing the numerical response (Solomon 1949 , Dieng et al. 2003 .
4. Comparison with alternative copepod species to test the relative control potential, the product of the functional and numerical response. This allows a reliable prediction of the efficacy of biological control agents (Cuthbert et al. 2018b) .
5. Assessment of ovipositional responses of mosquitoes to copepods. The reported behavioral responses to copepods have so far been equivocal between species (Torres-Estrada et al. 2001 , Cuthbert et al. 2018a ).
